As the heaviest known fundamental particle, the top quark ensures testing of the Standard Model and occupies a significant role in a lot of theories of new physics beyond the Standard Model. Up to now, the top quark has been only generated at the Tevatron and the Large Hadron Collider.
I. INTRODUCTION
Particle physics experiments carried out in the last decades indicate that the Standard Model (SM) is consistent in a low energy regime. Nevertheless, there are still some questions to be answered. It is expected that these questions will be answered by experimental studies that are planned to be done now and in the future. Besides, it is thought to be embedded in a more fundamental theory where its effects can be defined at a higher energy regime.
In the SM, the top quark is the heaviest elementary particle that is observed up to today.
Since the mass of the top quark is close to the electroweak scale, making it one of the most interesting particles in the SM. For this reason, the top quark canalizes us to study its couplings such as ttγ, ttZ, ttg, ttH, W tb, tqZ and tqγ (q = u, c). However, some of the properties of the top quark are still poorly constrained such as the magnetic and electric dipole moments and the chromomagnetic and chromoelectric dipole moments. Accordingly, important new insights on the properties of the top quark will be one of the tasks of the Large Hadron Collider (LHC). Therefore, measuring the characteristics of the top quark could give us an opportunity to understand the electroweak sector and the new physics beyond SM.
CP violation was first observed in 1964 during measurements of the neutral kaon decays [1] . CP violation in the context of the SM has been described by the complex couplings in the CKM matrix of the quark sector [2] . On the other hand, knowledge coming from the SM is not enough to have deeper understanding of the origin of CP violation. Because the amount of baryons in the universe predicted using the CKM mechanism gives value much lower than the value estimated from the experiment. However, the effect obtained from this study was very small but was highly important because it proved that matter and antimatter are intrinsically different. Therefore, it is essential to research new sources of CP violation [3] [4] [5] . For this reason, the measurement of large amounts of CP violation in the top quark events can be an evidence of physics beyond the SM. Investigating of physics beyond the SM, the magnetic and electric dipole moments of the top quark can be analyzed.
The magnetic dipole moment of the top quark is obtained from one-loop level perturbations in the SM, while the electric dipole moment that is determined as a source of CP violation [6, 7] is achieved from three-loop level perturbations. Hence, there can mutate the top quark-photon vertices through CP-symmetric and CP-asymmetric anomalous form factors to explore the non-SM effects in the top quark production reactions.
The SM estimation for the electric dipole moment of the top quark is very small. For this reason, it can be an extremely attractive investigation of physics beyond the SM. Nevertheless, the magnetic dipole moment of the top quark in the SM is not far from the future collider experiments. The values of the magnetic and electric dipole moment of the top quark in the SM are a A < 1.75 × 10 −14 and a V = 0.013, respectively [8, 9] . Particularly, searches at pp colliders such as the Tevatron and the LHC were suggested to probe the magnetic and electric dipole moments of the top quark in measurements of the reactions pp → ttγ [10] , pp → tjγ [11] , pp → pγ * γ * p → pttp [12] and pp → pγ * p → ttpX [13] .
Studies on sensitivity of the future e − e + linear colliders and their operating modes of eγ, eγ * , γγ and γ * γ * to constrain the electromagnetic dipole moments were analyzed through the reactions e − e + → tt [14] , γe →tbν e [15] , e − e + → e − γ * e + →tbν e e + [15] , γγ → tt [16] and e − e + → e − γ * γ * e + → e − tte + [16] . In addition, the reactions ep →tν e γ [17] , ep → eγ * p →tν e bp [18] and ep → eγ * γ * p → ettp [19] on the future ep colliders are phenomenologically investigated. All limits obtained in the above investigations are shown in Table I . However, there are other studies related to the anomalous ttγ vertices that can observe the magnetic or electric dipole moments of the top quark in the literature [20] [21] [22] [23] [24] [25] [26] .
Presently, phase 2 of the LHC has finished and has closed for an upgrade during the period 2019-2020 years. In future times, the LHC is going to activate at √ s = 14 TeV with L int = 300 fb −1 between 2021-2023 years. Besides, the High Luminosity Large Hadron Collider (HL-LHC) project aims to crank up the performance of the LHC in order to increase the potential for discoveries after 2025. The HL-LHC is expected to operate for ten years until 2036 year. After this period, it is guessed that each detector will collect nearly 3000 fb −1 data [27] . Other colliders other than HL-LHC are also discussed. Also, in the frame of the FCC study, there are designing a √ s = 27 TeV hadron collider in the LHC tunnel, called the High Energy Large Hadron Collider (HE-LHC). It will collect a dataset corresponding to an integrated luminosity of 10-15 ab −1 [28] .
In many experiments carried out at LHC, new physics studies have been tested via pp processes that comprise research through subprocesses of gluon-gluon, quark-quark and quark-gluon collisions. Nevertheless, precise measurements may not be possible due to proton remnants occurring after these collisions and it may be difficult to detect the signs which may arise from the new physics. In addition to this, γ * γ * and γ * p collisions that provide a more clean environment with respect to pp collisions are much less investigated.
Both of the incoming protons in γ * γ * collisions remain intact and do not dissociate into partons. Also, while only one of the incoming protons in γ * p collisions dissociates into partons, the other proton remains intact. The cleanest background between these two collisions is γ * γ * . γ * p collisions have more background than γ * γ * processes. Moreover, γ * p collisions have effective luminosity and much higher energy compared to γ * γ * collisions.
This phenomenon may be important due to the high energy dependencies of the total cross section of the process including the new physics beyond the SM. Therefore, γ * p collisions are expected to have a high sensitivity to the new physics parameters.
Specially, the high cross section obtained in γ * p collisions is very important for examining the properties of the top quarks produced in the final state. The production of a W boson and a top quark is very valuable, as it investigates the |V tb | element of the Cabibbo-Kobayashi-Maskawa matrix and the anomalous W tb couplings [29, 30] . The anomalous tqγ couplings with single top quark production are examined by Refs. [31, 32] . Also, the measurement of charged top-pion π ± t production associated with a top quark is presented [33] . Events related to tt pair could be used to study parameters like the charge or mass of the top quark [34] . Also, tt pair production to investigate the sensitivity on the magnetic and electric dipole moments of the top quark is discussed [13] .
Photons emitted from the proton beams in γ * γ * and γ * p collisions can be described in the framework of the Equivalent Photon Approximation (EPA) [35] [36] [37] . Photons in this approach are almost real because they have low virtuality. The EPA has many advantages such as providing the skill to reach crude numerical predictions through simple formulae.
Nevertheless, this approach can usually simplify the experimental analysis because it provides an occasion one to directly get a rough cross-section for γ * p → X subprocess via the investigation of the process pp → pγ * p → Xp where X symbolizes objects produced in the final state. New physics studies beyond the SM are generally examined by using the EPA .
II. SINGLE TOP QUARK PRODUCTION IN γ * p COLLISIONS

A. Effective Lagrangian of ttγ couplings
Anomalous ttγ couplings can be examined in a model-independent way by means of effective Lagrangian approach. In this study, we consider the following effective Lagrangian defining the anomalous ttγ couplings [68] [69] [70] 
where e is the proton charge, Q t is the top quark electric charge, A µ is the photon gauge field. Γ µ ttγ is given as follows
where m t represents the mass of top quark, q ν defines the photon four-momentum, γ 5 q ν term with σ µν breaks the CP symmetry. Therefore, a A parameter shows the strength of a possible CP violation process, which may be caused by new physics beyond the SM. Real a V and a A parameters are non-SM couplings and interested in the anomalous magnetic and the electric dipole moments of the top quark, respectively.
B. Theoretical Calculations
A schematic diagram for the process pp → pγ * p → ptW X is given in Fig. 1 . Here, photon emitted from the incoming proton beam can collide the other proton and produce γ * p collision. In this collision, the photon spectrum in terms of virtuality Q 2 and energy E γ is given by [35] 
where
where m p is the proton mass, E is the energy of the incoming proton beam, the magnetic moment of the proton is µ 2 p = 7.78, F M and F E are functions of the magnetic and electric form factors, respectively.
After integration over Q 2 , the photon spectrum is derived as follows
where the function ϕ is shown by
y, a, b and c parameters in above equation are given as follows
The subprocess γ * b → tW that has 3 Feynman diagrams is given in Fig. 2 . Only one of the diagrams contains the anomalous ttγ coupling while the others show contributions arising from the SM. In this study, all numerical calculations have been calculated using the Here, one of the anomalous couplings is non-zero at any time, while the other coupling is fixed to zero. The deviation from the SM value of the examined process at the HE-LHC option are greater than the LHC and the HL-LHC options as one can expect due to higher center-of-mass energy. Therefore, the limits obtained on these couplings at the HE-LHC option are expected to be more restrictive than the limits at the LHC and the HL-LHC options. Actually, the anomalous a A and a V couplings have different CP properties. Thus, since the cross sections have only even powers of the anomalous a A coupling, a nonzero value of a A coupling allows a constructive effect on the total cross section. Nevertheless, the cross sections for a V coupling involve both odd and even powers. Thus, a V coupling has a partially destructive effect on the total cross section.
We study the total cross section of the process pp → pγ * p → ptW X as a function of the anomalous couplings for the center-of-mass energies of 14 and 27 TeV as shown in Figs. 5-6.
The results show a clear dependence of the total cross section of the process according to the anomalous couplings, as well as with the center-of-mass energies. Fig. 3 , but for a V coupling.
III. LIMITS ON THE TOP QUARK'S MAGNETIC AND ELECTRIC DIPOLE
MOMENTS AT THE LHC, HL-LHC AND HE-LHC
In order to investigate sensitivity of the anomalous a A and a V couplings through the process pp → pγ * p → ptW X process, we take into account χ 2 analysis
Here, σ SM and σ N P are the SM cross section and the total cross section containing contri- We also include the effects of systematic uncertainties on the limits. For this, a measurement is presented of the associated production of a single top quark and a W boson in pp collisions at √ s = 13 TeV by the CMS Collaboration at the CERN LHC [73] . The total uncertainty giving the measurement of the tW production cross section in that study is approximately given 10%. There are some researches that consider systematic uncertainties to probe the magnetic and electric dipole moments of the top quark. The processes γγ → tt and e − e + → e − γ * γ * e + → e − tte + with systematic uncertainties of 0, 5, 10% are performed in Ref. [16] . In Ref. [20] , the processes γe →tbν e , e − e + → e − γ * e + →tbν e e + , ep → eγ * p →tν e bp are studied from 0% to 5% with systematic uncertainties. In Ref. [21] , a 10% total uncertainty for measurements of the process γe → tt is considered. For the cross section of the process pp → pγ * p → pttX, systematic uncertainties are calculated up to 5% [13] . Therefore, we present numerical results taking into account systematic uncertainties of 0, 5, 10%.
For 68%, 90% and 95% Confidence Levels, Tables II-X represent the limits obtained the anomalous a A and a V couplings at the LHC with an integrated luminosity of 300 fb −1 with at the HL-LHC with an integrated luminosity of 3 ab −1 and the HE-LHC with an integrated luminosity of 15 ab −1 containing without and with systematic errors 5, 10%, respectively. We observe from these tables that limits on the anomalous a A and a V couplings are improved for increasing integrated luminosities and center-of-mass energies. As expected, the best limits on the anomalous couplings between the LHC, the HL-LHC and the HE-LHC are obtained from the HE-LHC option.
As shown in these tables, the best obtained limits on the anomalous a A and a V couplings are given in Table VIII . These are |a A | = 0.0590 and −0.3202 < a V < 0.0108. Comparing with the anomalous a A coupling derived in the literature, our limit on this coupling is better than those reported in Refs. [10] , [11] , [12] , [17] , [18] , [19] . In tables, the limits with increasing δ sys values at the LHC, the HL-LHC and the HE-LHC are nearly unchanged with respect to the values of high center-of-mass energy and high luminosity. The reason of this situation is δ stat which is much smaller than δ sys .
However, we compare our results with the limits derived at the LHC and beyond as examined in Refs. [10] [11] [12] [13] . As can be seen in Table VII , the sensitivities of the anomalous couplings via the process pp → pγ * p → ptW X at the HL-LHC with L int = 3 ab −1 are at the same order with those reported in Refs. [10, 11] . In Ref. [12] , the best limits on a A and a V couplings by probing the process pp → pγ * γ * p → pttp at LHC-33 TeV with L int = 3000 fb −1 are found. We see from Table VIII that our limits obtained on a A and a V couplings for L int = 15000 fb −1 are nearly 1.5 times better than those reported in Ref. [12] . In Ref.
[13], the best sensitivities derived from the process pp → pγ * p → pttX at the HE-LHC are obtained as |a A | = 0.020 and a V = [−0.9953; 0.0003]. On the other hand, we understand that the sensitivities on the anomalous a A and a V couplings expected to be obtained for the examined process with at the HE-LHC with L int = 15 ab −1 as shown in Table VIII are more worse than the sensitivities in Ref. [13] . This is because the distribution function of gluon in the proton is greater than the distribution function of the bottom quark.
We take into account on the limits of the anomalous couplings including systematic errors.
The best limits calculated with without systematic error for a A coupling are nearly an order of magnitude better than the results of 10% systematic error. Also, we see that the limits derived on the positive part of a V coupling with without systematic error can set more stringent sensitive with respect to the results obtained on the negative part of a V coupling.
The reason for these behaviors can be easily understood from Figs. 3 and 4 . As can be understood from these figures, deviation from the SM cross section of the positive part of a V coupling is greater than the negative part of a V coupling.
The two dimensional limits at 95% Confidence Level intervals in planes of the anomalous a A and a V couplings are presented in Figs. 7-9. As we understand from Figs. 7-9, the improvement in the limit on the anomalous parameters is reached by increasing to higher luminosities and center-of-mass energies.
IV. CONCLUSIONS
The upgrade of the LHC to a HL-LHC at √ s = 14 TeV with L int = 3 ab −1 will examine the SM with even greater precision and will enlarge the sensitivity to likely anomalies in the SM. For the HE-LHC investigates the dataset is supposed to be L int = 15 ab −1 at √ s = 27
TeV. It is clear that the HE-LHC is extremely important to produce the heaviest particles.
Top quarks at the LHC are copiously generated in collisions, providing a rich testing ground for theoretical models of particle collisions at the highest accessible energies. Since the anomalous ttγ couplings defined through effective Lagrangian that has dimension-6, they have very strong energy dependencies. For this reason, the total cross section of the subprocess γ * b → tW including the anomalous ttγ coupling has higher energy than the SM cross section. Thus, any deviations between measurements and predictions could point to shortcomings in the theory or first hints of something completely new. The second important point is that research of the anomalous ttγ couplings presents one of the significant alternatives to find out new physics such as the electric dipole moment of the top quark is particularly attractive since it is very sensitive to possible new sources of CP violation in the lepton and quark sectors. Hence, it is very important to examine the anomalous ttγ couplings at LHC and beyond.
The photon-induced γ * γ * and γ * p collisions ensure an increase of the physics examined at pp colliders. However, γ * p collisions have high center-of-mass energy and high luminosity with respect to γ * γ * collisions. In addition, γ * p collisions due to the remnants of only one of the proton beams have fewer backgrounds than pp collisions. Therefore, we expect that γ * p collisions have a higher potential in examining new physics beyond the SM compared with γ * γ * collisions.
Therefore, in this study, we study the potential of the process pp → pγ * p → ptW X at the LHC, the HL-LHC and the HE-LHC to investigate the electromagnetic dipole moments of the top quark. We obtain limits at 68%, 90% and 95% Confidence Levels on the anomalous a A and a V couplings with various values of the center-of-mass energy and the integrated luminosity. As a result, the LHC and beyond as a γ * p collisions provide us a good opportunity to probe the electric and magnetic dipole moments of the top quark. Fig. 7 , but for the HL-LHC. Fig. 7 , but for the HE-LHC.
